The aim of this paper was to assess the impact of heat-waves on mortality in ten Czech cities, using data recorded during the summers of 2015 and 2016. Temperature-related mortality during heat-waves was investigated by comparing mortality figures on heat-wave days and those on other days by means of the Mann-Whitney U test. Results for all-cause mortality, cardiovascular and respiratory diseases (CVD+R) mortality, as well as for mortality in the over-65 age group, show statistically significant differences (p <0.05) during heat-waves compared with other days in seven of ten cities investigated. The effect of heat-waves on mortality did not reach statistical significance in Olomouc, Plzeň and Liberec. The results suggest that further studies addressing spatial patterns of mortality during heat-waves in urban areas are required to assess the vulnerability of the urban populations in particular cities and types of neighbourhood.
Introduction
Global climate change presents a growing health risk in several regions worldwide (IPCC, 2014) . This is especially true of the central European region, where the increasing frequency and magnitude of heatwaves has attracted a considerable body of research (Ballester et al., 2009; Kyselý, 2009; Christidis et al., 2015; Bobvos et al., 2017) . Heat-waves were responsible for 67% of all natural-hazard-related mortalities in Europe in the 1980-2013 period (EEA, 2017) and further increases in heat-related mortality are antic-ipated (Huang et al., 2011; Paci, 2014; Li et al., 2015; Bobvos at al., 2017) . At the same time, the Czech Republic (more recently, Czechia), together with other countries, has undertaken to take measures to reduce the number of fatalities attributable to natural disasters (including heat-waves), within the Sendai framework. Heat-waves are also recognized as major threats to national environmental security (MŽP, 2015) . Studies that address the effects on heat-waves on mortality and population health in Czechia, and the central Eu-ropean region in general, have therefore taken on new and pressing importance.
A number of studies relevant to heat-related mortality have been published in the past two decades. The summer heat-wave of 2003 stimulated a substantial body of research, since most of the countries in western Europe were affected by it, with an estimated 70,000 related deaths (Robine et al., 2008) . Nearly 15,000 excess deaths were recorded in France alone (Fouillet et al., 2006) , constituting some 54% of total excess mortality in the country ; disparities in excess mortality rates varied from +4% in Lille to +142% in Paris (Vandentorren et al., 2004) . In Switzerland, the 2003 heat-wave was responsible for a 6.9% increase in all-cause mortality (Grize et al., 2005) . Similar relations between heat and mortality were confirmed in eight Swiss cities between 1995 and 2003. In terms of population vulnerability, the 2003 heat-wave was also recognized in Italy, where excess deaths ranged from +14% in Bologna to +33% in Turin (Michelozzi et al., 2005) . In general, all available studies indicate increases in mortality during heartwave periods, although there is a marked degree of geographical heterogeneity (D'Ippoliti et al., 2010) .
Among studies in the central European region, Bobvos et al. (2015) recorded a mortality increase of 30% in Hungary during the heat-wave that affected south-eastern Europe and parts of central Europe in 2007. During the same heat-wave, Bogdanović et al. (2013) noted 38% excess mortality in Belgrade (Serbia). Further, Vyberčki et al. (2015) investigated heat-related mortality in Slovakia and pointed out overall increases in mortality during heat-waves for the 1996-2012 period. In selected years, e.g. in 2010, they found an increase in total mortality of 13.6% compared to anticipated "normal" levels; in summer 2012, to cite another example, the equivalent figure was 13%. Later, Vyberčki et al. (2018) described a 14% mortality increase during the Slovakian heat-wave of summer 2015. In the Czech Republic, Vysoudil et al. (2016) recorded a substantial increase in mortality when daily maximum temperatures reached 35ºC in the city of Olomouc and its surroundings. Hutter et al. (2007) and Muthers et al. (2010) calculated a 13% increase in mortality during periods of extreme heat stress in Vienna (Austria). Graczyk et al. (2018) investigated the impact of heat-waves on mortality in Polish cities over the past three decades and disclosed mortality increases relating to hot days, with the highest additional number of deaths in cities located in areas exhibiting the highest anomalies of air temperature. They also noted that residents of cities with more than 500,000 inhabitants are the most vulnerable.
In Czechia, much of the important research into temperature-related mortality has been conducted by research groups associated with J. Kyselý of the Institute of Atmosperic physics of the Czech Academy of Sciences (Kyselý & Huth, 2004; Kyselý et al., 2009; Urban & Kyselý, 2014; Urban et al., 2016; Urban et al., 2019) . Kyselý (2003) described an overall mortality increase of 16% and in specifically cardiovascular mortality of 18% during the extreme heat-wave of 1994. An analysis performed by Kyselý and Huth (2004) showed a binomial distribution of days with the highest excess morality over the course of the year. They marked periods in which excess deaths departed most from a baseline established in winter and early spring. During heat-waves, there occurred a relative increase of more than 30% in deviation of mortality from baseline. Further investigation was conducted to compare heat-related mortality in various Czech regions. A study conducted by Urban et al. (2016) addressed differences between urban and rural areas, pointing out the significant influence of the level of urbanization on excess mortality during hot days.
To build upon the important findings of previous studies that have addressed a number of factors relating to mortality during extreme heat events, and pointing out increased vulnerability for the inhabitants of many urbanized areas, additional analysis is required to deepen insight into the particularities of heat-wave-related mortality in Czech cities. This paper presents a case study analyzing the impacts of heat-waves on mortality in the ten largest Czech cities over the course of two summers (2015 and 2016) that differ substantially in their seasonal temperature course and heat-wave occurrence.
Study area
The ten largest Czech cities, populated by over or close to 100,000 inhabitants, were investigated ( Figure 1 ). These cities together contain 25.4% of the population of Czechia (CZSO, 2016) . However, they differ substantially in size, geography, climate, urban structure and demography (Tables 1, 2). Prague, the county's capital, located on a plateau divided by the distinctive River Vltava valley, is by far the largest of them.
Its already warm climate is further supplemented by a considerable urban heat island (UHI) effect -several degrees Celsius (Beranová & Huth, 2003; Geletič et al., 2018) . Czechia's second-largest city, Brno, is located largely in a basin position, while some parts to the north and west lie in a hilly region. The climate of Brno is warm and a UHI effect of up to 5°C has been established (Dobrovolný & Krahula, 2015) . Os-trava, Czechia's third-largest city, is located in the eastern part of the country, largely in a basin position with a warm climate. Ostrava is of a predominantly industrial character, in which the quality of life is adversely affected by poor air quality (Jirik et al., 2016) . With the changes in industrial requirements and legislation pursuant to the enormous political upheaval of the 1990s, Ostrava has become a typical example of a shrinking city. Plzeň is a medium-sized city located in the western part of the Czechia in a basin position, with a moderate climate. Industry has prospered in Plzeň in recent decades, accompanied by urban sprawl and a resulting high percentage of impervious surfaces (Kopp et al., 2015) . Liberec is a medium-sized city in the northern part of Czechia, located on a narrow plateau surrounded by mountains, with a moderately warm climate. It remains, however the coolest among the cities studied. Olomouc is a university city located in a flat basin; a moderate UHI effect there, around 2°C, has been established (Lehnert et al., 2018) . České Budějovice is a compact historical city in the southern part of Czechia, located in an elevated basin with a moderately warm climate. Ústí nad Labem lies in the northern part of Czechia, partly following Sources: CZSO 2019 (vdb.czso.cz) the deep valley of the River Elbe, partly intruding into the surrounding hills, with a warm climate. Ústí nad Labem is a shrinking city which the residential areas featuring sharp differences of social status and degree of affluence. Hradec Kralove and Pardubice, situated quite close to one another, lie in the flat terrain of the River Elbe basin, with a warm climate. While Hradec Kralové is prospering, modern city with a historical urban core, Pardubice is far more industrialised. Average summer UHI intensity in Hradec Kralové is estimated at 2°C, with a maximum of over 4°C (Středová et al., 2015; Rožnovský et al., 2017) .
Methodology

Temperature data
Ten of the weather stations that are part of the Czech Hydrometeorological Institute (CHMI) network were used for temperature data acquisition. Most of these are located in the outskirts of the cities investigated. Their standards are aligned with those of the World Meteorological Organisation (WMO) ( Table 3) . Daily average temperature (T AVG ), daily maximum temperature (T MAX ) and daily minimum temperature (T MIN ) were available for each of the stations. Further, mean series for the chosen Czech cities were calculated by averaging data from individual stations. These series were used in the spatial and temporal identification of heat-waves (see below), in a similar approach to that used by Kyselý and Huth (2004) . Two successive summer periods (July to August) 2015 and 2016 were selected. They differ substantially in terms of the courses of their seasonal temperatures. Summer 2015 was very hot -average temperature (T AVG ) for the whole of Czechia was 19.2°C (2.2°C above normal 1980-2010). T AVG for summer 2016 was 17.6°C (0.6°C above normal). Although summer 2015 was (Tolasz et al., 2007) 
Identification of heat-waves
There exists no universal definition of a heat-wave but, in general, a heat-wave consists of a number of consecutive days with temperatures high enough to cross certain thresholds. Such thresholds may be based on physiological or sociological factors related to local climate (Robinson 2001) . In this study, the criteria applied by Huth et al. (2000) and Kyselý (2002) were employed to examine the impact of heat-waves on mortality. According to this approach, a heat-wave is defined as а continuous period during which: a) daily maximum temperature (T MAX ) reaches at least 30ºC for at least three days, b) mean T MAX over the whole period reaches at least 30ºC and c) T MAX is not lower than 25ºC.
Mortality data
Data concerning mortality, containing the daily number of deaths for the summer months, (June-August) 2015 and 2016 was gathered, as well as for the two days (1st and 2nd) at the beginning of September (in order to allow for lag effects to be included in the analysis). All data were provided by Czech Statistical Office (CZSO). Analysis of all-cause and all-age mortality, as well as the elderly population (age 65 and over) as one of the groups most vulnerable to heat events, was undertaken Specific-cause mortality was observed in terms of both cardiovascular (I00-I99) and respiratory (J00-J99) diseases (CVD+R). The mortality data was classified according to the International Statistical Classification of Diseases and Related Health Problems (Revision 10).
During the summer months of 2015 and 2016, 13,640 deaths were recorded in the areas investigated (Table 4 ). Analysis was performed by means of crude numbers, using 3-day accumulated mortality as well as mortality rate, the latter calculated per 1,000 inhabitants. The number of deaths was taken as the dependent variable. Using the non-parametric Mann-Whitney U test, the compliance of distribution functions of deaths on heat-wave days and deaths on non-heatwave days was tested at the significance level of α = 0.05. In other words, the null hypothesis assumes that the medians of the number of deaths during heatwaves and beyond do not differ. The test was applied for all-cause mortality, CVD+R mortality and for analysis in the elderly population (age 65+).
Results
Before analysing the effects of heat-waves on mortality rate, it must be pointed out that there are substantial differences in total mortality among the cities investigated ( Table 2 ). The highest mortality rate was observed in Ostrava (3.03) followed by Pardubice and Plzeň (2.92), whereas the lowest mortality rates were observed in Prague and Liberec (2.59) followed by Olomouc (2.60). These figures imply a theoretical situation involving a lack of seasonality and an absence of daily oscillation in total mortality. Higher total mortality rates during heat-waves compared with related seasonal averages are apparent in all the cities investigated. Specifically, the mortality rate during heat-wave periods was higher, in a range from 0.09 in Liberec to 0.61 in Pardubice and České Budějovice. The increase in mortality rate in heat-wave periods was more pronounced for the population aged 65+. The results were ambiguous when the focus was tightened to mortality rate from cardiovascular and respiratory diseases (ICD-10 codes) -lower mortality rates in this category were, surprisingly, detected in Plzeň, Liberec and Olomouc (Table 4 ).
More detailed analysis of mortality risk and mortality changes during the heat-wave periods was performed by comparing mortality on heat-wave days with other days. Within the two periods observed as independent samples, the Mann-Whitney U test was utilised, with chance alone set at less than 5% (significance level p <0.05). Results for all-cause and all-age, as well as the over-65s, show statistically significant differences (p <0.05) in mortality during heat-waves compared with other days in seven of the ten cities; however, the effect of heat-waves on mortality was statistically insignificant in Olomouc, Plzeň and Liberec (Table 5 ). Similar results were confirmed for CVD+R mortality, in total as well as in the elderly population. Results for Z-score suggest a statistically significant (p <0.05) level, of moderate or large effect, indicating a mortality increase during the heat-wave periods. For Olomouc, Plzeň and Liberec, changes in CVD+R mortality in all age groups, as well as the elderly population, were not statistically significant during and after heat-wave periods ( Table 6) .
The results presented analyse the effects of heat-waves on total mortality in 2015 and 2016. However, it must be taken in into consideration that differences in temperature courses exist between the two summers, especially in terms of the ways in which the intensity and duration of the heat-waves are reflected in mortality. The average number of deaths, totalled over all the cities investigated for summer 2015 was 75 per day, compared with 71 per day in summer 2016. In summer 2015, when four heatwaves occurred, mortality depended on temperature (R2 (Table 7) .
Discussion
This contribution demonstrates the impact of heatwaves on mortality in the summer seasons of 2015 and 2016 in ten Czech Cities. The results confirm a mortality increase during heat-waves, as described in previous studies of the region (Kyselý, 2004; Kyselý, 2009; Vyberčki et al., 2018; Graczyk et al., 2018) . The statistical analysis herein disclosed significant increases in all-cause mortality during heat-waves in seven of the ten Czech cities investigated. The closest heat-wavemortality relationship was found in Prague, whereas in Plzeň, Olomouc and Liberec (all with populations bellow 200,000), no significant increase in mortality during heat-waves was detected. Several explanations for these results present themselves. The low number of deaths in relatively small cities is one example, in that the more limited the data sample, the more sensitive it is in analysis; it is noteworthy that, as above, Olomouc and Liberec have generally low mortality rates. Further, the effects of UHI are less marked in smaller cities (Lehnert et al. 2018) . Finally, it is highly unlikely that the socio-economic and demographic structures of populations are without influence. Beyond Czech borders, regional differences in mortality during heat-waves have been also been observed in Switzerland where, in summer 2003, an increase in all-mortality associated with heat occurred, with the highest impact among populations in Basel, Geneva and Lausanne, while no increase in mortality related to the temperature in Ticino was evident (Grize et al., 2005) . In a study of four Italian cities, Michelozzi et al. (2005) also recorded the highest increase in excess mortality the north-western part of the country (Turin & Milan) during the 2003 heatwave.
It becomes clear that further investigation, including longer periods and coverage of other social and health considerations (individual life-styles of, access to health care and level of urbanization among them) and their influences on mortality during heat-waves is urgently required. For example, Pascal et al. (2006) have demonstrated that excess mortality in French cites is not always related to temperature changes; their analysis shows rises in excess mortality during heat-waves in four out of the ten cities they investigated, while in the others no confirmed, clear link with temperature was evident. Nayak et al. (2018) have developed a heat vulnerability index, considering differences in regional socio-demographic and land-cover characteristics for New York State. Identified as the most vulnerable areas were: urban tracts with high housing density; areas with a high proportion of ageing populations; those with minority populations; and lower-income households.
The current study also looked into the impact of heat-waves on CVD+R-related mortality. Cardiovascular diseases are the leading cause of death in the Czech population, responsible for more than 50% of total mortality (Urban et al., 2016) . Respiratory diseases are not among the leading causes of death, but are strongly influenced by the seasons and dependent on climate conditions and degree of urbanization (D'Amato et al., 2016) . In this study, about 49% of all-cause deaths consisted of CVD+R mortality, which might imply that patterns in CVD+R mortality during heat events are contributing to oscillation in all-cause mortality. However, our results appear to indicate that increases in CVD+R mortality during heat-waves were ambiguous in some cities. To date, only a few studies have explored cardiovascular mortality in relation to hot periods in the region. Urban et al. (2016) investigated impacts of heat events on cardiovascular mortality in the Czech population and found that the most marked relative deviation in mortality during summer days occurred when the mean daily temperature exceeded the 90th percentile. Further studies employing larger datasets are required. Exacerbation of mortality of the elderly population (65+) during heat-wave periods was also recognized in this study, both for all-cause and for CVD+R mortality. The majority of all deaths (about 83%), as well as CVD-R mortality (91%), consisted of people aged 65 and over, which implies that deviations in mortality within the elderly population may be responsible for patterns in total mortality, and particularly in CVD+R mortality. This is in agreement with the results of most of the studies conducted after the 2003 heat-wave. Differences from region to region, and in levels of increase in excess mortality during heatwaves, exhibit considerable variation, but marked increases in temperature-related mortality with age have been confirmed in several countries (Grize at al., 2005; Michelozzi et al., 2005; Basu, 2009; Djurdjev et al., 2012; Nayak et al., 2018) . As life-expectancy is projected to lengthen in the future, the relative numbers of older people in the population will rise, leading to further increases in all chronic diseases. All developed countries have high crude death rates for the over-65s, and the elderly are among the most vulnerable to temperature extremes. However, a significant number of premature deaths in old age could be avoided by changes in public health policies, especially those related to mitigation and adaptation.
Considering increased mortality during heatwaves and the fact that the frequency and intensity of heat-waves (Forzieri et al., 2017; Lhotka et al., 2018) , as well as hot days and warm nights (Geletič et al., 2019) , are expected to rise in the central European region, cities and their inhabitants will have to adapt to such events. Evidence derived from global predictability of extreme temperature events suggests that vulnerability should be measured in terms of local mortality and morbidity data.
Some lessons may be learned from the experience of other countries. For example, after 2003 (in which a heat-wave was responsible for nearly 15,000 deaths in France), the French government identified key issues, including a complete absence of any intervention plan in the event of a heat-wave, and also a lack of coordination between the social services and health providers (Kovats & Hajat 2008) . In order to decrease the hazard level for temperature-related mortality, some countries have started to develop heat health action plans (HHAP) and heat health warning systems (HHWS). As support, the World Health Organization, in collaboration with the World Meteorological Organization, has published guidelines on warning-system development, with the primary objective of providing a framework within which to identify and upgrade understanding of general heat-health problems in such a way that authorities can employ it for HHAP and HHWS (WMO and WHO 2015) . Indeed, some studies from the beginning of the 21st century have recognized a decrease in the impacts of heat events on population health and mortality resulting from improvements in public health systems and living conditions (Carson et al., 2006; Sheridan et al., 2009) Despite such changes in administrative sensitivity to heat events and adaptation, heat-wave hazard is an important challenge to any population, particularly to people living in cities. Prevention of premature mortality arising out of heat-waves is now a pressing issue of public health concern (Kovats & Hajat 2008).
Conclusion
Our findings suggest that heat-waves are important hazards to the population. Analysis revealed that mortality increases with intensity (maximum temperature) of heat-waves, which suggests that urban populations are not completely adapted to extreme heat events. The results herein tally with other investigation conducted in regions with temperate climates and could be used as groundwork for more comprehensive and advanced research, covering further social and health features (individual life-styles, access to health care, and level of urbanization among them) and their association with premature mortality during heat-waves.
The main contribution to this research is provided by observed populations, since the analysis was conducted in selected urban areas in Czechia (ten cities). It is well known that urban populations are more vulnerable during heat-waves, especially the elderly and people with chronic diseases. It must be borne in mind, therefore, that analyses based on the entire population (urban and rural) of the country might well lead to dilution of data and misleading results.
In order to detect the intensity and hazard level of heat-waves, future research should focus on the following: a) coverage of extended periods; b) comparison with rural areas; c) investigation of heat-wave impacts on mortality in the largest cities, conducted on an intra-urban basis.
